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a  b  s  t  r  a  c  t
This  paper  describes  the  kinetic  behavior  of alcohol  (ADH)  and aldehyde  (AldDH)  dehydrogenases  in  solu-
tion and  immobilized  onto  carbon  platform  via  polyamidoamine  (PAMAM)  dendrimers.  All the  kinetic
constants  achieved  for soluble  ADH  and  AldDH  are  in agreement  with  literature  data.  The  inﬂuence  of  pH
and temperature  was  evaluated.  Results  showed  that  physiological  conditions  and  ambient  temperature
can satisfactorily  be  applied  to  systems  containing  dehydrogenase  enzymes,  so as  to  ensure  an  environ-
ment  where  both  ADH  and AldDH  display  good  activity.  It  is  noteworthy  that the  afﬁnity  between  both
ADH and  AldDH  and  their  substrates  and  coenzyme  is retained  after  the  immobilization  process.  Inves-
tigation  of  the  inﬂuence  of the storage  time  demonstrated  that  there  was  no  appreciable  reduction  in
enzymatic  activity  for 50 days.  Results  showed  that  the  PAMAM  dendrimers  provide  a good  environment
for  immobilization  of  dehydrogenase  enzymes  and  that  the  afﬁnity  observed  between  the enzymes  and
their substrates  and  coenzymes  seems  to be retained,  despite  the considerable  loss  of enzymatic  activity
after immobilization.  Furthermore,  the  anchoring  methodology  employed  herein,  namely  layer-by-layer
(LbL),  required  very  low  catalyst  consumption.
© 2011  Published  by  Elsevier  Ltd.
1. Introduction
More than two hundred enzymes are known to catalyze reac-
tions in which nicotinamide adenine dinucleotide hydrate (NAD+)
receives the hydride ion from a reduced substrate. The general
nomenclature used for this kind of enzyme is oxidoreductase
or dehydrogenase. Alcohol dehydrogenase (ADH) obtained from
baker’s yeast Saccharomyces cerevisiae was one of the ﬁrst enzymes
to be isolated and puriﬁed. It is classiﬁed as 1.1.1.1 and is part of
a large family of dehydrogenase enzymes containing the element
zinc in their structure. The primary structure of ADH consists of a
tetramer formed by four identical subunits with a molecular weight
of 36 KDa each [1].  ADH speciﬁcity is restricted to primary alcohols
with linear aliphatic chains, and ethanol is by far the best substrate
for this enzyme [2]. Several studies on the ADH steady-state kinetic
mechanism have deﬁnitely shown that this enzyme follows a ran-
dom mechanism and have also indicated that the crucial stage of
the reaction is the dissociation of the NADH species from the formed
complex [3–6].
∗ Corresponding author. Tel.: +55 16 3602 3725; fax: +55 16 3633 8151.
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The enzyme responsible for the second step of ethanol oxida-
tion, aldehyde dehydrogenase (AldDH), is part of a set of three
isoenzymes known as AldDH A, B, and C, also obtained from baker’s
yeast. AldDH has two identical subunits with a molecular weight of
approximately 200 kDa, and it is classiﬁed as 1.2.1.5 [7].  AldDH is
responsible for catalyzing the oxidation of aldehydes to carboxylic
acids, and it displays activity for a wide variety of aliphatic, aro-
matic, and heterocyclic aldehydes [8].  The mechanism proposed
for aldehyde oxidation involves a sequence of two substrates/two
products, with formation of binary and ternary complexes, similar
to the kinetic mechanism described for ADH.
Recently, there has been growing biotechnological interest
in the use of immobilized enzymes, such as dehydrogenases, for
many kinds of purposes; e.g., bioremediation, sensors, and biofuel
cells. The presence of several functional groups on the protein
structure allows one to employ different procedures for enzyme
anchoring onto solid supports. Enzyme immobilization is generally
accomplished by chemical or physical means. In the former case,
covalent linkage and also the cross-linking process are utilized
for binding the enzyme molecules. Sometimes, covalent binding
is not necessary, so enzyme immobilization can be achieved
by using membranes, adsorption processes, or entrapment into
polymer gels and microcapsules. In most cases, the simplicity of
the physical methodologies makes such processes advantageous
1359-5113/$ – see front matter © 2011 Published by Elsevier Ltd.
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over chemical methods [9].  One of the most important points to
consider for enzyme anchoring onto solid platforms is enzyme
stability, so it is very important to ensure that the enzyme is placed
in a friendly environment, so that it can resist sudden changes in
temperature, pH, and solution composition, which could inactivate
the anchored enzymes. In this context, the choice of a suitable
immobilization process for enzyme anchoring onto solid platforms
is of great importance, because it directly affects the lifetime of the
immobilized enzyme.
The PAMAM dendrimer represents a class of branched and
monodisperse polymers. Unlike classical polymers, dendrimers
exhibit larger uniformity, narrow molecular weight distribution,
and highly functionalized terminal surface. Due to their organized
structure and adsorption characteristics, dendrimers have been
extensively exploited for production of ﬁlm layers that can be used
as sensors for detection of many different compounds [10]. Recent
papers have described the viability of anchoring enzymes onto
PAMAM dendrimers using the layer-by-layer technique. Perinotto
et al. [11] have shown that ADH can be anchored with PAMAM onto
Au electrodes, and that the resulting electrodes can be applied for
ethanol detection with a detection limit of 1 ppm.
In this context, the study of the kinetic behavior of enzymes
is very helpful for comparison of the effectiveness of the different
methodologies employed for enzyme immobilization. Our group
has evaluated two immobilization processes, namely LbL and pas-
sive adsorption technique, and has observed that the methodology
employed for enzyme immobilization directly inﬂuences the enzy-
matic activity [12,13]. In fact, our previous work on enzymatic
biofuel cells has demonstrated that the combination of the LbL
technique with PAMAM dendrimers seems to be a better and more
feasible way of anchoring enzymes onto carbon platforms, since
good control of enzyme disposition onto the surface of the bioanode
is obtained with very low enzyme consumption [13].
Despite the several literature studies on the structure and
kinetic mechanism of dehydrogenase enzymes, there are few com-
parative studies of the kinetic behavior of immobilized enzymes.
In this paper, the kinetic behavior of both ADH and AldDH dehy-
drogenase enzymes in solution and of the corresponding enzymes
anchored onto carbon platforms using PAMAM dendrimers is
investigated.
2. Materials and methods
2.1. Chemicals
All the reagents were analytical reagent grade and were used without fur-
ther  puriﬁcation. The enzymes ADH (E.C. 1.1.1.1, initial activity of 331 U mg−1)
and AldDH (E.C. 1.2.1.5, initial activity of 1.02 U mg−1), both obtained from Sac-
charomyces cerevisiae lyophilized powder, were purchased from Sigma–Aldrich and
used as received. The coenzyme NAD+ and the polyelectrolyte PAMAM generation
4  were also purchased from Sigma–Aldrich and used as received. All solutions were
prepared with high-purity water from a Millipore Milli-Q system, and pH measure-
ments were carried out with a pH electrode coupled to a Qualxtron model 8010 pH
meter. All enzyme and coenzyme solutions were freshly prepared and rapidly used.
2.2. Enzyme immobilization
The enzymes were anchored onto a 1 cm2 carbon platform (carbon ﬁber paper,
TGP-H-060, Fuel Cell Earth, Stoneham, MA)  with a homemade gas diffusion layer
speciﬁcally designed to have low Teﬂon® content [13]. The choice of support was
made so that two goals would be achieved, namely a support with the hydrophilicity
required for the LbL process and increase in the diffusional limits on the bioanode
surface. In fact, the presence of a gas diffusion layer tends to increase the total sur-
face area through formation of a more disperse three-dimensional structure, thus
providing sufﬁcient uniformity and enough porosity that culminate in enhanced
kinetics of the substrates and co-enzymes in terms of reaching the active center of
the enzyme.
There are several studies employing NAD+-dependent enzymes, such as amper-
ometric sensors and biofuel cells [12–19]. In these devices, the regeneration of the
coenzyme from its reduced form is quite important, and this process requires the
use  of an electrocatalyst because of the high overpotential of the reaction. Hence,
Fig. 1. Mechanism for the two-step oxidation of ethanol to acetate catalyzed by
ADH and AldDH, with concomitant NAD+ consumption.
in order to keep the same architecture of the generally employed bioanodes, a sta-
ble  methylene green ﬁlm was electropolymerized at the carbon support before the
immobilization step [18].
After formation of poly(methylene green), enzyme immobilization was per-
formed by anchoring the dehydrogenase enzymes onto both sides of a 1 cm2 Toray®
paper (pretreated with nitric acid, in order to enhance the hydrophilicity of the sur-
face) using the LbL technique [13]. Brieﬂy, sample preparation was carried out by
immersing the substrate into the PAMAM solution (2 mg  mL−1) for 5 min, followed
by  immersion onto the enzyme solutions (1 mg mL−1) for 15 min. The substrates
were rinsed with the buffer solution after each deposition, followed by drying [13].
2.3.  Determination of enzymatic activity by the continuous method
The  two-step oxidation of ethanol to acetate catalyzed by ADH and AldDH occurs
with concomitant NAD+ consumption (Fig. 1). So, the substrate hydrolysis activity
of  dehydrogenase enzymes was investigated at 25 ◦C, by folowing the reduction of
NAD+ to NADH at 340 nm (ε340 nm, pH 7.5 = 6.220 L mol−1 cm−1) in a UV/vis spectropho-
tometer Ultrospec 5300 pro from Amersham Biosciences, using thermostatic quartz
cells of 1 cm path length. The assays were accomplished in phosphate buffer, pH
7.2, to a ﬁnal volume of 1 mL. The reaction was initiated by addition of the soluble
enzymes or the substrate containing the immobilized proteins, depending on the
study that was  being performed. Enzymatic activity was  determined by quantiﬁca-
tion of NADH formation, as measured by the increase in absorbance at 340 nm.  The
absorbances were recorded for 5 min  (with an interval of 2 s between each mea-
surement), and the initial velocity was calculated by linear regression during the
ﬁrst 2–3 min  of reaction. Assays were conducted in triplicate, and controls without
added enzyme were included in each experiment, to quantify the non-enzymatic
hydrolysis of the substrate. One enzyme unit (U) is deﬁned as the amount of enzyme
that hydrolyzes 1.0 mol of substrate per minute at 25 ◦C.
Km (Michaelis–Menten constant) and Vmax (maximum velocity) for substrate
and  coenzyme were obtained from substrate hydrolysis and were calculated using
the  Lineweaver–Burk plot [20]. Data are reported as the mean ± S.D. of triplicate
measurements, which were considered to be statistically signiﬁcant at P ≤ 0.05.
2.4. Effect of pH and temperature on enzymatic activity
The inﬂuence of both pH and temperature on the kinetics of the enzymes was
determined by assaying enzymatic activity from 15 to 55 ◦C at various pH levels
between 4 and 10. To this end, the following 0.1 mol  L−1 buffer solutions were used:
acetate buffer (NaAc/HAc) for pH 4–5; phosphate buffer (NaH2PO4/Na2HPO4) for pH
6–7; tris-hydroxymethyl amino methane–HCl (Tris+) buffer for pH 8–10.
3. Results and discussion
Once most studies aim at obtaining high enzymatic activity and
enhanced lifetime for anchored enzymes, evaluating and under-
standing all the parameters inﬂuencing the kinetic behavior of
dehydrogenase enzymes is very important. Therefore, evaluation
of how the amount of enzyme, substrate, and coenzyme inﬂuences
the enzymatic activity was  carried out by always having the kinetic
parameters of the enzymes in solution as reference values.
The initial kinetic results obtained after the immobilization
process curiously showed that the anchored enzymes apparently
displayed enzymatic activity during only one cycle; i.e., the immo-
bilized enzyme had no signiﬁcant activity after the ﬁrst kinetic
assay. This is because the presence of dendrimers combined with
enzymes and NAD+ species on the carbon platforms probably
imposed some diffusional limits, thereby hindering ﬂow of the
reduced form of the coenzyme from the dendrimers to the bulk
solution. Due to this diffusional obstruction, it seems that the enzy-
matic activity of the anchored enzymes is lost after the ﬁrst assay;
however, if the NADH species formed during the catalytic reaction
are forced to leave the active site, the system can be regenerated. For
this reason, it was  necessary to design a reproducible method and a
reliable system, to ensure NADH species removal from the anchored
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Table  1
Substrate kinetic parameters for both dehydrogenase enzymes in solution and immobilized onto a carbon platform.
Enzyme Parameters
Km (mmol  L−1) Vmax (mol  NADH min−1 mg−1) Kcat (s−1) Kcat/Km (M−1 s−1)
ADH Soluble 18.2 ± 0.1 69.4 ± 0.1 172.6 ± 0.1 9500 ± 10
Immobilized 17.9 ± 0.1 0.45 ± 0.01 1.07 ± 0.02 59 ± 1
AldDH Soluble 17 ×10−3 ± 1 24.1 ± 0.2 80.3 ± 0.2 4.7 ×106 ± 2
Immobilized 16 × 10−3 ± 1 0.13 ± 0.001 0.43 ± 0.001 26.8 × 103 ± 0.1
enzymes in all the assays. So, the supported enzymes were regen-
erated by applying a potential of 0.3 V (close to the NADH oxidation
potential) in a Potentiostat/Galvanostat Model 273A – PAR for a few
minutes after each assay, which forced the NADH species to leave
the PAMAM dendrimers.
3.1. ADH kinetic behavior
Before performing experiments as a function of the substrate
and coenzyme concentration, the inﬂuence of the amount of
ADH on the enzymatic kinetics in solution was evaluated in the
0.01–0.8 U range. The results evidenced that there is a linear inﬂu-
ence of the ADH load on the initial reaction rate up to 0.2 U, followed
by formation of a plateau; thereafter, this behavior remained con-
stant up to 0.8 U ADH (data not shown). In the case of the anchored
enzymes, the inﬂuence of the amount of ADH on the enzymatic
kinetics was evaluated in the range 1–36 ADH bilayers. The mass of
enzyme deposited per bilayer was about 95 ng cm−2, which repre-
sented approximately 1.13 U ADH [13]. The results revealed that the
ADH load directly inﬂuences the reaction kinetics with loss of lin-
earity above ca. 12 bilayers and subsequent formation of a plateau
[13]. This result indicates that a signiﬁcant enzymatic activity on
the carbon support is obtained only when a high amount of enzyme
is added, (above 1 U ADH). Although above 12 bilayers the amount
of enzyme does not signiﬁcantly inﬂuence the kinetics, the value
of 36 bilayers was chosen for subsequent experiments due to the
greater stability of this sample.
For investigation of the inﬂuence of ethanol concentration on
the activity of ADH in solution, the quantity of substrate was  var-
ied from 0.5 to 500 mmol  L−1, while the enzyme load and the
co-enzyme concentration were kept at 0.2 U and 1.9 mmol  L−1,
respectively. At low substrate concentrations, there was  a lin-
ear increase in the rate of NADH formation; thereafter, the
NADH conversion rate became constant, leading to a typical equi-
lateral hyperbola curve. From the obtained double reciprocal
graph, both Km and Vmax were determined (18.2 ± 0.1 mmol  L−1
and 69.4 ± 0.1 mol  NADH min−1 mg−1, respectively). In addition,
the Kcat constant was 172.6 ± 0.1 s−1, and the Kcat/Km ratio was
9500 ± 10 mol  L−1 s−1 (see Table 1).
To evaluate the effect of the coenzyme concentration on the
kinetics of ADH in solution, experiments were performed by vary-
ing the amount of NAD+ from 0.12 to 7.6 × 10−3 mol  L−1. The
ﬁnal concentration of reagents was kept at 0.2 U ADH, 0.1 mol  L−1
EtOH, pH 7.2. Fig. 2 shows that the expected equilateral hyper-
bola curve occurred only up to 2.6 × 10−3 mol  L−1 NAD+. After this
point, there was a decrease in enzymatic activity. The obtained
proﬁle suggests possible inhibition due to excess substrate. This
behavior is supported by the ADH kinetic mechanism, which indi-
cates that the crucial stage of the process is dissociation of the
NADH species from the formed complex. In fact, at high NAD+
concentration, there might be a competition between the formed
NADH and the NAD+ species in solution, since both compete
for the active site of the enzyme. This is an important result
that must be considered for maximization of the performance of
the enzymatic system both in solution and anchored onto solid
platforms. The kinetic constant values Km and Vmax were deter-
mined from the double reciprocal graph plotted in the region
in which there was  no inhibition (inset of Fig. 2), and values of
0.14 ± 0.01 mmol L−1 and 70.7 ± 0.2 mol  NADH min−1 mg−1 were
obtained, respectively. Kcat was  176.7 ± 0.2 s−1 and Kcat/Km was
1.3 × 106 ± 200 mol  L−1 s−1 (see Table 1).
Comparing the results obtained for the kinetic parameters of
both substrate and coenzyme in this paper with literature data,
it can be inferred that all the kinetic constants for soluble ADH
presented here are in agreement with previously published works
[3,4,21,22].  Also, the huge difference in the Km data for ethanol
and NAD+ corroborated with the ADH structure, in which the NAD+
binding site is easily available to the solution while the substrate
binding site is quite narrow and almost inaccessible to the solution,
thus hindering the access of ethanol to the ADH active site [1].
In order to obtain both Km and Vmax for the anchored ADH, assays
as a function of ethanol and NAD+ concentration were performed
by employing the same conditions used in the experiments with
the enzyme ADH in solution. Considering the substrate variation,
the values determined for Km and Vmax were 17.9 ± 0.1 mmol  L−1
and 0.45 ± 0.01 mol  NADH min−1 mg−1, respectively. Results as
a function of coenzyme concentration (Fig. 2) furnish values
of 0.15 ± 0.01 mmol  L−1 and 0.46 ± 0.01 mol  NADH min−1 mg−1,
for Km and Vmax, respectively. Comparison between the kinetic
data obtained for ADH in solution and results achieved with the
anchored enzymes, demonstrate that, although there is consider-
able loss of enzymatic activity after immobilization, the afﬁnity
between the ADH molecules and the substrate and coenzyme is
retained.
In order to evaluate the stability of the anchored enzymes as a
function of time, kinetic assays were performed for 90 days, using
the same sample with 36 ADH bilayers. The results evidenced that
there was  no appreciable enzymatic activity reduction for 30 days
(Fig. 3).
Fig. 2. NADH conversion rate as a function of the coenzyme concentration. () ADH
in solution, 0.2 U; () immobilized ADH, 36 bilayers, 0.1 mol  L−1 EtOH, phosphate
buffer, pH 7.2. Inset: double reciprocal graph obtained for () soluble ADH and ()
immobilized enzyme.
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Fig. 3. Enzymatic activity of anchored ADH as a function of time. 36 bilayers of
immobilized ADH, 0.1 mol  L−1 EtOH, phosphate buffer, pH 7.2.
3.2. AldDH kinetic behavior
Prior to the assays as a function of substrate and coenzyme con-
centrations, the inﬂuence of the presence of potassium ions and
thiols was evaluated. This is important to evaluate a wide range
of parameters that could inﬂuence the ﬁnal performance of the
immobilized enzymes. Our results gave evidence that the yeast
enzyme is highly dependent on both species (Fig. 4). The assays
were carried out as a function of the potassium concentration from
10 to 100 mmol  L−1, and as a function of 2-mercaptoethanol con-
centration from 1 to 10 mmol  L−1. The best results were achieved
in the assays employing 100 and 10 mmol  L−1 potassium ions and
2-mercaptoethanol, respectively. These data reveal that, besides
anchoring the enzyme properly, it is important to control other
experimental parameters, so that a good ﬁnal performance is
achieved.
Once the assay conditions were established, the inﬂuence
of the amount of AldDH on the enzymatic kinetics in solution
was evaluated in the 0.025–0.1 U range. In a ﬁnal volume of
1 mL,  the following conditions were maintained: acetaldehyde
0.5 × 10−3 mol  L−1, 1.67 × 10−3 mol  L−1 NAD+, 0.1 mol  × L−1 KCl,
and 2-mercaptoethanol 0.01 × 10−3 mol  L−1. There was a linear
increase in the initial rate, which was followed by formation of
a plateau up to 0.05 U AldDH (data not shown). Similarly to the
results obtained with ADH, the assays as a function of the load
of AldDH anchored by the LbL technique showed that consider-
able enzymatic activity was achieved up to 20 bilayers only. The
Fig. 4. Inﬂuence of the presence of K+ ions (0.1 mol  L−1) and thiols (0.01 mol  L−1)
on  AldDH activity in solution. 0.05 U AldDH, 0.5 ×10−3 mol  L−1 acetaldehyde,
1.67 × 10−3 mol L−1 NAD+ in phosphate buffer, pH 7.2.
Fig. 5. NADH conversion rate as a function of the acetaldehyde concentration. ()
AldDH in solution, 0.05 U; () immobilized AldDH, 0.8 U. 1.67 × 10−3 mol L−1 NAD+,
KCl  0.1 mol L−1, 2-mercaptoethanol 0.01 mol  L−1, pH 7.2. Inset: double reciprocal
graph obtained for () soluble AldDH and () immobilized enzyme.
same architecture employed in the study on ADH  (carbon supports
containing 36 AldDH bilayers) was  utilized in all the subsequent
assays.
To evaluate the effect of coenzyme concentration on AldDH
kinetics in solution, experiments were performed by vary-
ing the amount of NAD+ from 0.1 to 5 × 10−3 mol  L−1. The
ﬁnal concentration of reagents was kept at 0.05 U AldDH,
0.5 × 10−3 mol  L−1 acetaldehyde, 0.1 mol  L−1 KCl, and 0.01 mol  L−1
2-mercaptoethanol, pH 7.2. Contrary to the results obtained with
ADH, data as a function of the NAD+ concentration demon-
strated that no inhibition process occurred in the evaluated
concentration range. Indeed, the expected kinetic behavior was
veriﬁed; i.e., the initial rate increased linearly at low NAD+
concentrations, followed by formation of a plateau, which
resulted in a typical equilateral hyperbola curve. From the
obtained double reciprocal graph, Km and Vmax were determined
as 0.41 ± 0.01 mmol  L−1 and 23.2 ± 0.1 mol  NADH min−1 mg−1,
respectively. The Kcat constant was 77.3 ± 0.1 s−1 and the Kcat/Km
ratio was 1.9 × 105 ± 10 mol  L−1 s−1 (see Table 1).
For the AldDH in solution, the assays as a function of sub-
strate concentration were performed by varying the amount of
acetaldehyde from 0.005 to 10 × 10−3 mol  L−1. The ﬁnal concen-
tration of reagents was kept at 0.05 U AldDH, 1.67 × 10−3 mol L−1
NAD+, 0.1 mol  L−1 KCl and 0.01 mol  L−1 2-mercaptoethanol, pH 7.2.
The results from Fig. 5 show that at relatively low acetaldehyde
concentrations, the rate of NADH formation follows the typical
equilateral hyperbola curve. Thereafter (above 1 × 10−3 mol L−1),
there is a sharp decrease in the initial NADH conversion rate,
suggesting another possible inhibition due to excess substrate.
It is noteworthy that acetaldehyde molecules can also bind
to the formed ternary complex, thus diminishing the enzy-
matic activity [23]. By tracing the double reciprocal graph
(inset of Fig. 5) in the region in which there was no inhi-
bition, the kinetic constants Km and Vmax, were determined
as 16.9 ± 0.2 mol  L−1 and 24.1 ± 0.2 mol NADH min−1 mg−1,
respectively. The Kcat constant was 80.3 ± 0.2 s−1 and the Kcat/Km
ratio was 4.7 × 106 ± 200 mol  L−1 s−1 (see Table 1).
The kinetic parameters obtained in this work for AldDH in solu-
tion are in agreement with literature reports, for both substrate
and coenzyme [8,24,25]. In addition, the results clearly show the
great afﬁnity between enzyme/substrate as well as the very easy
access of aldehyde molecules to the active site, as compared to the
interaction AldDH/NAD+.
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Fig. 6. Inﬂuence of temperature (A) and pH (B) on the enzymatic activity of ADH and AldDH in solution. () ADH 0.2 U, 0.1 mol L−1 EtOH, 1.67 × 10−3 mol  L−1 NAD+, phosphate
buffer, pH 7.2. (©) AldDH 0.05 U, 1.67 × 10−3 mol  L−1 NAD+, KCl 0.1 mol  L−1, 2-mercaptoethanol 0.01 mol  L−1.
By keeping the same assay conditions described in the study
using soluble AldDH, both Km and Vmax were determined for
the anchored enzyme as a function of acetaldehyde (Fig. 5)
and NAD+ concentrations. Once again, the kinetic values indi-
cated that, despite the large decrease in enzymatic activity after
the immobilization process, the afﬁnity between the anchored
enzyme and its substrate and coenzyme was preserved. The val-
ues determined for Km and Vmax from the substrate variation assay
were 16.3 ± 0.1 mol  L−1 and 0.13 ± 0.01 mol  NADH min−1 mg−1,
respectively. As for the coenzyme assays, Km and Vmax were
0.53 ± 0.01 mmol  L−1 and 0.12 ± 0.01 mol  NADH min−1 mg−1.
Table 1 summarizes all the kinetic parameters determined for
both dehydrogenase enzymes in solution and anchored onto carbon
platform.
3.3. Inﬂuence of temperature and pH on the enzymatic activity
Fig. 6 depicts the kinetic behavior of both dehydrogenase
enzymes in solution as a function of pH and temperature. The
obtained curves allowed determination of the optimum temper-
ature (Fig. 6A) and pH (Fig. 6B) for ADH and AldDH. The highest
activity was achieved in the 7.0–8.0 pH range for ADH, and around
7.0 for AldDH. The optimum temperature for ADH lay between 35
and 40 ◦C and at about 35 ◦C for AldDH.
The results in terms of pH and temperature coincide with data
reported in the literature for both enzymes in solution [24,26,27].
Moreover, the results also show that, in order to maintain an
environment in which both enzymes display good activity and to
provide conditions for future technological applications, physio-
logical conditions and ambient temperature can satisfactorily be
applied to an enzymatic system involving dehydrogenase enzymes.
In order to verify product formation after the kinetic tests,
product yields were followed by high performance liquid chro-
matography (HPLC) employing the best conditions obtained in all
the assays utilizing the anchored ADH and AldDH. A highly speciﬁc
behavior was veriﬁed for both dehydrogenase enzymes. Consider-
ing the ADH kinetic behavior, an average of acetaldehyde recovery
of 92% was obtained after the assay (aldehyde leakage may  have
occurred during the experiment), but acetic acid was  not detected,
probably due to the low activity of ADH for acetaldehyde oxida-
tion, Kcat = 2.3 s−1 at pH 8.8 [28]. In the case of AldDH, an acetic acid
recovery of about 90% was achieved.
3.4. Double enzymatic system
Aiming at the complete oxidation of fuels, multiple immobi-
lized dehydrogenase enzymes are generally used by anchoring the
enzymes onto a solid platform in cascade [29,30].  Despite the lower
kinetic values obtained with AldDH compared with ADH, the large
afﬁnity between AldDH and acetaldehyde enables construction of
an efﬁcient integrated system employing both enzymes; i.e., as
soon as ADH catalyzes the ﬁrst step of ethanol oxidation, AldDH
is able to rapidly catalyze the oxidation in a second step.
So, in order to simulate these conditions in the kinetic assays,
the LbL technique was  employed for immobilization of both ADH
and AldDH onto carbon platforms. To this end, a sample with 36
bilayers containing both dehydrogenase enzymes was prepared
by anchoring the enzymes onto separate layers, which furnished
a ﬁnal architecture sequence of ADH/PAMAM/AldDH. The kinetic
results obtained with both enzymes anchored onto the carbon plat-
form by using the self-assembly methodology, evidence enhanced
enzymatic activity behavior (Vmax = 0.62 mol  NADH min−1 mg−1)
as compared to the individual systems (Table 1). By comparing the
results between the double enzymatic system with those obtained
in the case in which only ADH was anchored, it is clear that the use
of multiple dehydrogenase enzymes enhances the kinetic perfor-
mance of the whole system, without causing damage to the ﬁrst
oxidation step. In addition, these results evidence that a very good
arrangement of the anchored enzymes on the carbon support is
provided by the layered structure, which facilitates the diffusional
processes during the catalysis is and contributes to the overall per-
formance of the system.
Although all the kinetic results indicate that the use of the LbL
technique provides good control of enzyme disposition on the car-
bon platform, thus providing good kinetic rates for the anchored
enzymes, a large decrease in enzymatic activity is still observed
when one compares the results from the tridimensional condition
in solution and the two-dimensional situation on the carbon sup-
port (Table 1). In this context, the question that arises is related to
the effect of immobilization employing dendrimers on the enzy-
matic activity. In fact, a few factors must be considered in order
to understand the kinetic behavior of dehydrogenase enzymes
anchored with dendrimers onto carbon platforms. The ﬁrst factor
involves the possibility of enzyme inactivation after the immo-
bilization step. Normally, this risk is pronounced when chemical
bonds are formed during the immobilization step, and also when
sudden changes in temperature occur during the anchoring pro-
cess. These two  situations have not been reported for dendrimers
yet. In fact, no enzymatic denaturation was observed in a previ-
ous investigation using PAMAM dendrimers for the immobilization
of Cl-cathecol 1,2 deoxygenase [31]. However, denaturation may
occur after protein immobilization and, considering such reduc-
tion in activity after enzyme anchoring, this possibility cannot be
disregarded.
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Considering the enzymes in solution, diffusional limitations can
normally be neglected; however, in the case of enzymes anchored
with PAMAM dendrimers, the effects of mass transfer should be
much relevant. In this way, the better the diffusion rate, the higher
the enzymatic activity of the anchored enzymes. So the better
kinetic results obtained with the double enzymatic system as com-
pared to the individual cases is a clear indication that good mass
transfer is provided by the self-assembly methodology.
Finally, the present work clearly showed that various kinetic
parameters (mainly the concentration of substrates and coenzyme,
which act as inhibitors of the enzymes) should be considered,
for achievement of maximum enzymatic activity for the anchored
enzymes. Additionally, the immobilization process seems to be cru-
cial for preparation of a viable anchored system, making a careful
choice of immobilization process for each type of anchored system
very important.
4. Conclusions
All the kinetic constants for soluble enzymes presented in this
paper are in agreement with literature data. It is important to con-
trol the concentration of both substrate and coenzyme because of
the possible inhibition due to substrate excess. The kinetic rates
obtained for the anchored enzymes showed that the choice of
a proper immobilization method is very important, since activ-
ity reduction after the anchoring process may  be pronounced.
PAMAM dendrimers provide a good environment for the immobi-
lization of dehydrogenase enzymes and, despite the considerable
loss of enzymatic activity observed after immobilization, the afﬁn-
ity between the enzymes and their substrates and coenzymes
seems to be retained. Also, the employed anchoring methodology
(LbL) required very low catalyst consumption, and the anchored
enzymes were quite stable over a period of approximately 30 days.
Acknowledgements
Financial support from FAPESP and CNPq is gratefully acknowl-
edged. Aquino Neto also acknowledges the DS-CAPES fellowship.
References
[1] Trivic S, Leskovac V. Structure and function of yeast alcohol dehydrogenase. J
Serb Chem Soc 2000;65:207–27.
[2]  Eys JV, Kaplan NO. Yeast alcohol dehydrogenase. III. Relation of alcohol struc-
ture  to activity. J Am Chem Soc 1957;79:2782–6.
[3] Ganzhorn AJ, Green DW,  Hershey AD, Gould RM,  Plapp BV. Kinetic characteri-
zation of yeast alcohol dehydrogenases. Amino acid residue 294 and substrate
speciﬁcity. J Biol Chem 1987;262:3754–61.
[4] Dickinson FM,  Monger GP. A study of the kinetics and mechanism of yeast alco-
hol  dehydrogenase with a variety of substrates. Biochem J 1973;131:261–70.
[5]  Dickenson CJ, Dickinson FM.  Inhibition by ethanol, acetaldehyde and tri-
ﬂuoroethanol of reactions catalysed by yeast and horse liver alcohol
dehydrogenases. Biochem J 1978;171:613–27.
[6] Dickinson FM,  Dickenson CJ. Estimation of rate dissociation constants involv-
ing  ternary complexes in reactions catalysed by yeast alcohol dehydrogenase.
Biochem J 1978;171:629–37.
[7] Liu ZJ, Sun YJ, Rose J, Chung YJ, Hsiao CD, Chang WR,  et al. The ﬁrst structure of
an  aldehyde dehydrogenase reveals novel interactions between NAD and the
Rossmann fold. Nat Struct Mol  Biol 1997;4:317–26.
[8] Bradbury SL, Jakoby WB.  Ordered binding of substrates to yeast aldehyde dehy-
drogenase. J Biol Chem 1971;246:1834–40.
[9] Adlercreutz P. Immobilized enzymes. In: Nagodawithana T, Reed G, editors. 3rd
enzymes in food processing. New York: Academic Press; 1993. p. 103–19.
[10] Tomalia DA, Naylor AM,  Goddard III WA,  Starburst Dendrimers:. Molecular-
level control of size, shape, surface chemistry, topology, and ﬂexibility from
atoms to macroscopic matter. Angew Chem Int Ed Engl 1990;29:138–75.
[11] Perinotto AC, Caseli L, Hayasaka CO, Riul Jr A, Oliveira Jr ON, Zucolotto V.
Dendrimer-assisted immobilization of alcohol dehydrogenase in nanostruc-
tured ﬁlms for biosensing: ethanol detection using electrical capacitance
measurements. Thin Solid Films 2008;516:9002–5.
[12] Forti JC, Aquino Neto S, Zucolotto V, Ciancaglini P, De Andrade AR. Development
of novel bioanodes for ethanol biofuel cell using PAMAM dendrimers as matrix
for enzyme immobilization. Biosens Bioelectron 2011;26:2675–9.
[13] Aquino Neto S, Forti JC, Zucolotto V, Ciancaglini P, De Andrade AR. Develop-
ment of nanostructured bioanodes containing dendrimers and dehydrogenases
enzymes for application in ethanol biofuel cells. Biosens Bioelectron
2011;26:2922–6.
[14] Moore CM, Akers NL, Hill AD, Johnson ZC, Minteer SD. Improving the envi-
ronment for immobilized dehydrogenase enzymes by modifying naﬁon with
tetraalkylammonium bromides. Biomacromolecules 2004;5:1241–7.
[15] Zhou D, Fang H, Chen H, Ju H, Wang Y. The electrochemical polymerization of
methylene green and its electrocatalysis for the oxidation of NADH. Anal Chim
Acta 1996;329:41–8.
[16] Kulys J, Wang L, Hansen HE, Buch-Rasmussen T, Wang J, Ozsoz M.  Methylene-
green-mediated carbon paste glucose biosensor. Electroanalysis 1995;7:
92–4.
[17] Karyakin AA, Karyakina EE, Gorton L. Improvement of electrochemical biosen-
sors using enzyme immobilization from water–organic mixtures with a high
content of organic solvent. Anal Chem 1996;68:4335–41.
[18] Akers NL, Moore CM,  Minteer SD. Development of alcohol/O2 biofuel cells using
salt-extracted tetrabutylammonium bromide/naﬁon membranes to immobi-
lize  dehydrogenase enzymes. Electrochim Acta 2005;50:2521–5.
[19] Aquino Neto S, Forti JC, De Andrade AR. An overview of enzymatic biofuel cells.
Electrocatalysis 2010;1:87–94.
[20] Lineweaver H, Burk D. The determination of enzyme dissociation constants. J
Am Chem Soc 1934;56:658–66.
[21] Hayes JE, Velick SF. Yeast alcohol dehydrogenase: molecular weight, coenzyme
binding, and reaction equilibria. J Biol Chem 1953;207:225–44.
[22] Abuin E, Lissi E, León L. Kinetics of ethanol oxidation catalyzed by yeast alco-
hol  dehydrogenase in aqueous solutions of sodium dodecylsulfate. Protein J
2008;27:247–52.
[23] Bostian KA, Betts GF. Kinetics and reaction mechanism of potassium-
activated aldehyde dehydrogenase from saccharomyces cerevisiae. J Biochem
1978;173:787–98.
[24] Steinman C, Jakoby WB.  Yeast aldehyde dehydrogenase. II. Properties of the
homogeneous enzyme preparation. J Biol Chem 1948;243:730–4.
[25] Wang MF,  Han CL, Yin SJ. Substrate speciﬁcity of human and yeast aldehyde
dehydrogenases. Chem Biol Int 2009;178:36–9.
[26] Dickenson CJ, Dickinson FM.  A study of the pH- and temperature-dependence
of  the reactions of yeast alcohol dehydrogenase with ethanol, acetaldehyde and
butyraldehyde as substrates. Biochem J 1975;147:303–11.
[27] Zanon JP, Peres MFS, Gattás EAL. Colorimetric assay of ethanol using
alcohol dehydrogenase from dry baker’s yeast. Enzyme Microb Technol
2007;40:466–70.
[28] Trivic S, Zeremski J, Leskovac V. NAD(+) binding by yeast alcohol-
dehydrogenase in the presence of pyrazole and a new method for the
determination of the enzyme active-site concentration. Biotechnol Lett
1997;8:809–11.
[29] Sokic-Lazic D, Minteer SD. Citric acid cycle biomimic on a carbon electrode.
Biosens Bioelectron 2008;24:939–44.
[30] Sokic-Lazic D, Minteer SD. Pyruvate/air enzymatic biofuel cell capable of com-
plete oxidation. Electrochem Solid-State Lett 2009;9:F26–8.
[31] Zucolotto V, Pinto APA, Tumolo T, Moraes ML,  Baptista MS,  Riul Jr A, et al.
Catechol biosensing using a nanostructured layer-by-layer ﬁlm containing Cl-
catechol 1,2-dioxygenase. Biosens Bioelectron 2006;21:1320–6.
